I. HISTORY AND PURPOSE OF SOIL HARDNESS TESTING
This paper describes a technically feasible method for automating a soil hardness test using a microcontroller, non-contact precision sensors and a hydraulic lifting cylinder.
Soil Penetration testing dates back to the start of the 20th century. Around 1902, Colonel Charles R. Gow, owner of the Gow Construction Company in Boston, USA, began making exploratory boring using a 1 inch diameter drive sampler (hollow tube). A standard soil hardness testing method was developed by Harry Mohr who worked as one of Gow's engineers in the late 1920s and early 1930s. Mohr developed a slightly larger diameter sampler and recorded the number of blows per foot of penetration on an 18 inch depth, using a 140 lb hammer freely dropping over a vertical distance of 30 inches.
The measurements and samples taken from a Standard Penetration Test (SPT) are used to analyse and investigate existing subsurface conditions to assess risks posed by site conditions. Geotechnical engineering projects often begin with a site investigation of soil and bedrock on and below an area of interest to determine the soil's engineering properties, including how it will interact with a proposed construction. Investigations can include the assessment of the risk to humans, property and the environment from natural hazards such as earthquakes, landslides, debris flows and rock falls.
The geotechnical engineer determines and designs the type of foundations and earthworks required for the intended structures to be built. Foundations are designed and built for structures of various sizes such as high-rise buildings, bridges, commercial buildings, and smaller structures where the soil conditions do not allow standard design.
II. STANDARD PENETRATION TEST (SPT) PROCEDURE
The basic SPT procedure is described in the Australian Standards AS 1289.6.3.1-1993, British Standards BS 1377-9:1990 and American Standards D1586. The steps are:
1. Drill a vertical hole of at least 65 mm diameter to the depth at which the test is to be conducted. 2. Clean the hole so that material to be sampled will not be disturbed. 3. Carefully lower the sampler attached to the driving rods to the bottom of the hole. Make sure the sampler (long, hollow tube which collects soil samples) reaches the bottom of the hole by comparing the depth of the drilled hole and sampler and driving rod lengths. 4. The hammer driving assembly with trip mechanism for free falling of standard weight is then attached to the end of the last driving rod and drive sampler. 5. A 63.5 kg hammer (dead weight) must be lifted exactly 750 mm above the anvil (which is attached at the top of the driving rod) and it must free-fall with gravity to strike the anvil. Upon impact, the drive rod and sampler tube are pushed deeper into the soil. 6. Drive the sampler 450 mm deep (relative to its starting position) and record the number of blows for each 150 mm of penetration. Important information that needs to be recorded include:
(a) Number of blows for first 150 mm of penetration -this is known as the "Seating Drive". This test procedure gives a value for the "Penetration Resistance" of the soil and at the same time obtains a disturbed sample of the soil for identification purposes. The "penetration resistance" provides an indication of the density of the ground and this number is used in many geotechnical engineering formulae and standard design procedures.
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III. TRIP HAMMER MECHANICAL DESIGN
The mechanical design in Fig. 1 releases a standard weight to free-fall, unhindered (accelerated only by gravity) over a distance of 750 mm for each drop. The potential energy converted to kinetic energy (neglecting energy losses due to air resistance or drag) is approximately equal to the product of the mass (63.5 kg), gravity (9.81 m/s 2 ) and height of the drop (0.75 m), or 63.5 x 9.81 x 0.75 = 467.2 Joules per blow. First, the lifting tube is lowered to lock onto the free weight (barrel sitting on top of the anvil) and then it is lifted upwards by a cable (driven by a motor or hydraulic cylinder). The hammer tripping mechanism activates when the 63.5 kg weight (barrel) has been lifted 750 mm above the anvil. At this point, the weight is automatically released so that it falls downward, starting from an initial zero velocity. 
Fig. 2. Trip Hammer components (by EVH Drill Engineering Pty Ltd)
The mechanical design of the "trip hammer" in Figures 1 and 2 has not changed for more than 80 years. This design is very simple, reliable and quite low in cost to manufacture.
The procedure for operating the trip hammer has always been a physically laborious task involving a great deal of human oversight, manually performed (often innaccurate) ruler measurements, counting errors and sometimes, even serious personal injuries. Manually controlled lifting and dropping of the barrel is typically performed using an "updown" push-button controlled lifting unit (consisting of a winch system) for lifting and lowering the top cable. Both of these methods require a human operator to directly control all lifting and lowering actions, count every drop and keep monitoring the current depth with a ruler for each 150 mm of ground penetration. Unfortunately, counting and measurement inaccuracies due to human error are common so new holes often need to be drilled and SPT procedures need to be repeated. Mr Kevin Ewing, the manager of EVH Drill Engineering (Perth, Australia), has been manufacturing and marketing the "Trip Hammer" hardware shown in Fig. 1 for more than 12 years. He approached the authors in 2005 in search of a faster, more accurate and more efficient method for performing the SPT. The authors proposed a low-cost solution using mechatronic automation technology. 
IV. AUTOMATED TRIP HAMMER FUNCTIONS
The first prototype of the "Automated Trip Hammer" (ATH) had to satisfy the following design requirements: 1. It must automatically raise and lower the lifting mechanism ("Lifting tube") during the testing phase. 2. It must keep count of all barrel impacts with the anvil and follow all the rules of the SPT test. 3. It must measure the depth of the sampler tube relative to the starting position, accurate to +1 mm. 4. It must automatically record all relevant SPT data during the test, including date, time, location, etc. and it must store the results of at least 25 tests (for an entire day). 5. It must perform reliably in a dirty, muddy, moist or dusty environment and have at least a 3 year service life. 6. It must be able to survive accidental drops and bumps. 7. It must be low in cost and easy to manufacture.
The ATH employs the same existing mechanical hardware described in Fig. 1 since this design has been proven to be very reliable and robust, even in very dusty and dirty environments. This device can even survive damage and operate reliably after being dropped off the back of a truck, e.g. from a 1 metre height above the ground.
The ATH uses a computer controlled hydraulic cylinder to perform all of the lifting and lowering movements. Hydraulic actuation seemed to be an inexpensive and logical choice because most mobile drilling rigs already have a built-in hydraulic "power-pack" (circuit) for driving a rotary hydraulic drill motor. All the required features above were made possible using an 8-bit Atmel TM AVR ATmega32 microcontroller, non-contact proximity sensors to monitor all finger movements, a linear optical encoder for measuring anvil and sampler position (based on piston position, accurate to + 1 mm), and an intuitive keypad and LCD screen user interface for controlling all operational settings and test options. All microcontroller pins for sensors and output signals are opto-isolated to protect the controller circuits from damaging voltage spikes, excessive current and "floating grounds" which could trigger a "reset".
V. FINGER SENSORS
Two magnetically-actuated reed switches were mounted on each finger to detect three different finger states, namely: (1) Level; (2) Tilt up (lock); and (3) Tilt down (trip).
The "Trip Switch" response, shown in the bottom plot of Fig. 4 , is similar to the "switch debounce" phenomenon and is caused by rapid vibration of the spring-centred finger. Although other kinds of industrial proximity sensors could have been used to detect the current state of each finger, such as metal-sensing inductive sensors, capacitive sensors or even optical sensors, all of them would produce the same kind of multiple-triggering response shown in the bottom plot of Fig. 4 due to the highly oscillatory nature of each spring-centred finger when settling to the "level" state. Since fully-enclosed magnetically actuated reed switches are relatively low in cost compared to other proximity sensors and have a much higher operating life than mechanically actuated contact switches, reed switches were considered to be a suitable, reliable and economical choice for this application. Software was written to detect only a single pulse ("on" and "off" event) so the multi-triggering response in the lower "Trip Switch" plot of Fig. 4 would be treated like the upper "Lock Switch" plot. Noise signals were detected due to oscillations over a period of about 500 ms. Software code was developed to filter out these noise signals to solve this "switch debounce" problem.
VI. LINEAR POSITION SENSOR, DECODER & COUNTER
In order to satisfy design requirements number 3 and 5 (as described in Section IV), a high-precision non-wearing linear position sensor was needed to monitor the current position of the anvil (or the penetration depth of the sampler) relative to its starting position. Some form of external position sensor could be placed on the ground, near or inside the hole, to gauge the actual position of the sampler. However, such a method would add more Finger complexity and introduce alignment errors to the soil sampling procedure. An external sensor unit would also require additional time and effort for the operator to set up. Hence, the decision was made to design a linear position sensor to monitor the position of the lifting tube when it first makes contact with the resting barrel. The finger lock sensor can detect the presence of the barrel resting on the anvil when it first switches on. The linear position sensor for the first ATH prototype uses a through-beam "Slotted Optical Switch" (H22A1) as shown in Fig. 5 . It is possible to use the optical switch signals to produce signals that can be counted directly by software (interrupt service routines) running on the microcontroller. However, a rapid rate of pulses would trigger too many and frequent interrupts during operation which would degrade the control performance of the microcontroller. Hence, an independent quadrature decoder and counter device was chosen to perform the up and down counting for the absolute position Two optical switches (A and B) monitor the same linear encoder strip so that the direction of movement of the strip can be ascertained by detecting which state follows the current state. A counter variable stored in the HCTL-2022 is incremented or decremented based on the order of state changes in Fig. 7 . . States 1, 4, 3, 2, 1, 4, 3, etc.) The HCTL-2022 counter chip was used to output a 16-bit absolute position or counter value ranging from 0 to 65535 or 2 16 values (although it can count up to 2 32 values). The 16-bit counter value was outputted as separate low and high bytes which were read in on an 8-bit input port and reassembled into the full 16-bit position counter value on the microcontroller. Using the linear encoder strip shown in Fig. 6 , with all transparent and black stripes each 2 mm wide and spaced 2 mm apart, a position accuracy of +1 mm could be achieved very reliably without any counting errors. The actual position measurement in millimetres was obtained by calibrating the linear sensor with a metric ruler so that all position measurements could be recorded in "mm" units.
In order to satisfy design requirement 5, the optical switches are kept inside a dust-proof housing with felt wipers on both sides of it surrounding the holes through which the encoder strip passes, in order to dust off or wipe away any dirt, fine dust, sand or water that may happen to cling onto the plastic linear encoder strip. The effectiveness and mechanical robustness of this "weatherproof" housing design still needs to be tested in actual field trials. 
VII. COMPUTER CONTROL
The Atmel TM AVR ATmega32 microcontroller used for the ATH was programmed in high-level BASIC with easyto-use BASCOM-AVR TM programming software [2] . The ATmega32 did not come with enough memory to store the results of a typical day's worth of field tests, which could be as many as 25 different tests per day. Each soil penetration test may take up to 125 barrel drops. In order to satisfy design requirement 4, an extra non-volatile RAM chip with a Real Time Clock (RTC) was used to accurately keep track of time and provide an additional 8K of external RAM (supplied by Dallas Semiconductor TM DS-1643). After several tests have been completed, the test data can be transferred from the AVR to an external PC (via RS232) for analysis and printing. The external PC may also be used to monitor control variables and remote control the trip hammer for manual testing or trouble-shooting. The PC software was written in Visual Basic TM 6 for Microsoft Windows TM operating systems (Vista/XP/2000/NT/9x). It provides real-time status information about important ATH control variables and settings as shown below in Fig. 10 . 
VIII. SETTING UP THE TRIP HAMMER
There are several requirements to be checked before starting an automatic test. Firstly, the lifting tube position must be adjusted in "Manual" mode using the "up" and "down" cylinder controls. Before setting the controller to "Auto" or SPT mode, the ATH must first be "homed", i.e. the lifting tube must be outside and above the tube with both fingers touching but not locking with the barrel, like in Fig.  1(b) , and the cylinder must be ready to move 750 mm up.
The SPT test requires a minimum of 450 mm of ground penetration so the stroke length for the lifting cylinder should be between 1.3-1.5 m to allow about 500 mm of penetration and an additional 750 mm for the drop height.
VIX. CONCLUSION
Experimental results with the ATH system described in this paper have proven to be successful so far and most of the initial design requirements appear to have been met. The robustness and reliability of the automated trip hammer design still needs further field testing in very dusty, wet and muddy environments. Future testing will be conducted with the ATH system mounted on the back of a mobile drilling rig or a truck fitted with its own hydraulic power pack. A tall, removable safety cage or shield is also needed to always surround the barrel and anvil. This is a good example of how a "mechatronic engineering" approach to problem solving can result in considerable time and cost savings and a useful product that makes conducting the SPT easier and faster. This ATH prototype and all software was developed over a period of only two man-years of effort [3] .
